Abstract-A component is presented that combines light and fluid in an optical fiber arrangement for optofluidics. The component couples light from a standard telecom fiber (STF) to the solid-core of a microstructured fiber, and delivers fluid from a capillary to the holes of the same microstructured fiber. The light is then made to interact longitudinally with the delivered fluid in a hollow-core fiber or capillary. The component is allspliced, hermetic and allows for fluid flow without interrupting the optical beam. Light is brought from the STF to the solid-core/fluid interface with a loss <0.1 dB.
I. INTRODUCTION

M
ICROSTRUCTURED fiber and photonic crystal fiber (PCF) are used to a growing extent in optofluidics [1] - [3] . The holes in the fiber provide a natural repository for microfluidic samples, which can be employed for tuning [4] , switching [5] and nonlinear optics [6] , [7] , for instance. The use of fibers in optofluidics is advantageous over planar geometries in two aspects. On one hand, very long length devices can be exploited for enhanced resolution, for example in capillary electrophoresis [8] , and on the other, the minute cross-section makes them ideal for in-vivo measurements, e.g., in minimally invasive diagnostics [9] , pressure sensing in the body [10] and 3D imaging with fiber optical coherence tomography [11] .
Combining light and fluid (liquid or gas) in a small fiber is problematic. The fluid needs to be brought to the fiber without disturbing light coupling or guidance, while light needs to be coupled into the fluid without bubbles or meniscus formation. In a research laboratory, it is possible to use non-ideal bulky cells with optical windows to free-space couple light through lenses and pumps to fill the hollow core with fluid. A more user friendly arrangement, e.g., for future clinical use, should involve only spliced fibers and capillaries with very small dead-volumes. Light would be coupled to conventional fibers, fluids to conventional capillaries and both allowed to interact in a small-volume protected environment. Several techniques have been reported for filling fluid into the holes of microstructured fibers. For instance, blocking cladding holes with a cured polymer [12] , focused ion beam-milled microchannels on the side of the fiber [13] , splicing with a lateral offset [14] , using a micropipette [15] and C-shaped fiber for liquid delivery [16] are techniques that allowed for the interaction of a liquidfilled hollow core and light. However, the problem remains of how to collect or administer fluid in a controlled way without disturbing the optical path, providing a hermetic arrangement that prevents harmful fumes and contamination while avoiding the use of bulky components with large dead-volume. This letter presents a method for coupling fluids into the holes of an optical microstructured fiber with basically zero dead-volume, in an all-fiber spliced arrangement, which is hermetic and enables light coupling with minimal loss. It is complemented with an all-spliced arrangement that allows for the interaction of light and fluid.
II. FABRICATION PARAMETERS AND CHARACTERIZATION
The component is made using 125-µm diameter silica microstructured fiber and capillaries, preserving the holes of the fiber intact. The microstructured fiber has four 25-µm diameter holes (4-hole fiber), and light is guided in the 8-µm central core. The component can be used in two directions, for retrieval or delivery of fluid through the holes. In the following, it is assumed that it combines rather than separates light and fluid.
Optical coupling is provided by splicing to the 4-hole fiber a fiber for light delivery of similar core diameter but smaller external diameter. The light-delivery fiber does not cover the entire cross-section of the holes, as schematically illustrated by the light grey cross-section shown in Fig. 1(a) . It is manufactured here by stripping the primary coating and then 1041-1135 © 2014 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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etching a 5-cm long end-section of a standard telecom fiber (Corning SMF28) using 40% hydrofluoric acid. The etched section has outer diameter 50 µm, while the remaining ∼1-m length of the light-delivery fiber is a piece of SMF28 in its original form. The etched section is cleaved to ∼3-cm length, and the splicing of the matched cores leads to light coupling with <0.1dB loss. Although a narrower 50 µm fiber could be used and etching avoided altogether, it is found convenient to use 125 µm fiber for optical coupling. Etching many (>20) fibers at once greatly reduces the effort needed per component.
In the first part of the component, the fluid delivered to the 4-hole fiber is contained in an encompassing capillary, as shown in Fig. 1(b) , which has inner-diameter 127 µm and outer-diameter 250 µm. A single hole of length ∼1 mm is opened in the fluid-delivery capillary by polishing it from the side, using a rotating drum with attached sand paper. Debris can be minimized by inserting into the hole a piece of sacrificial standard fiber and then removing if after polishing is completed. The etched section of the light-delivery fiber is inserted through this side-hole in the capillary. This makes it possible to bring in the light from the side of the arrangement, as seen in Fig. 1(c) , and after splicing, transmit it coaxially to the 4-hole fiber. This is in contrast with previous arrangements, where it is the fluid that is injected through the side-holes.
The etched section of the light-delivery fiber needs to be bent inside the 250 µm capillary. The bend is not sharp and is largely determined by the length of the side-hole opened in the capillary. A 1 mm-long hole allows for insertion of the 50 µm light-delivery fiber with a shallow angle of 2.9°( i.e., sin −1 0.05/1). For this entrance angle, the fiber first enters in contact with the side-wall of the capillary 3.9 mm away from the midpoint of the 1-mm hole and the corresponding bend radius is ∼7.8 cm, which is considered to be acceptable. Experimentally, the measured loss induced by the bend is <0.1 dB. To prevent fluid leakage from the polished opening of the fluid-delivery fiber, a suitable adhesive (e.g., UV curing glue Vitralit 2009 F) is used to seal the side-hole entirely. The etched section of the standard telecom fiber is sufficiently short to be entirely accommodated inside a (4 cm) conventional splice protector. Outside the splice protector, the light delivery fiber is seen as a standard telecom fiber (125 µm). The fluid is delivered coaxially with the arrangement, flowing from the capillary into the non-blocked area of the 4-hole fiber holes. This is also inside the protection sleeve. The small ∼2 µm gap that exists between the surface of the 4-hole fiber and the inner walls of the capillary needs to be closed to prevent leakage and guarantee hermeticity. This can be done by filling it with a suitable adhesive, or by slightly collapsing the arrangement with a splicer, so that the seal is entirely established by silica.
In some applications the volume contained or conveyed by the 127-µm inner diameter capillary may be excessive. One example of such application is an all-fiber nitrobenzene Kerr cell [7] , where the liquid is toxic and the volume needed to create a liquid core is very small (150 nl for a 1-m long component). In such cases, it is possible to reduce the hole size by, for instance, inserting a 125-µm outer-diameter capillary with a ∼50 µm hole into the 250 µm capillary, thus dealing with <6 times less volume of fluid. The encompassing 250 µm capillary can be made short (∼3 cm). Hence, both the 250 µm capillary and the initial section of the smaller 125 µm capillary now used for fluid delivery can be housed in the splice protector. The small gap between capillaries can also be closed by weak collapsing in a splicing machine. The resulting arrangement is contained inside a splice protector, which has on one side a 4-hole fiber for light and fluid delivery and has on the other side a standard telecom fiber and a capillary, both with outer-diameter 125 µm and protected by the primary coating. This is illustrated in Fig. 2(a) . Fig. 2(b) shows an illuminated central solid-core 4-hole fiber with fluid in the holes. Here, a concentrated solution of Rhodamine 6G (Rh6G) is used for illustration purpose. The light source used here is a tungsten lamp filtered with a 532 nm interference filter and the fiber facet imaged by a 20× magnification microscope. To visualize the dye in this picture, the red luminescence is excited from the side by illuminating the 4-hole fiber with 1 mW light at 405 nm wavelength from a laser pointer diode. The dye fluorescence light is not guided by the holes because the solution has lower refractive index (1.33) than silica (1.47). Fig. 2(b) illustrates that with the component described above it is possible to couple light in the core and fluid in the side-holes of the microstructured fiber.
III. LIGHT-FLUID INTERACTION
Evanescent field interaction between light and the fluid can take place if the holes are sufficiently close to the core. Interaction becomes much more efficient by bringing the light to propagate longitudinally in the fluid (liquid, in the illustration below), as shown in Fig. 3 . The 4-hole fiber is spliced to a capillary or hollow-core fiber with relatively large central hole. After splicing, this hole collects the fluid from the 4-hole fiber, and becomes a liquid core in which the light propagates. The fluid-collecting capillary allows for filling the hollow core with liquid and coupling light from a solid-core fiber (with <0.1 dB loss), coaxially and again in an all-spliced arrangement [17] . Fig. 3(a) illustrates the entire optofluidic component to combine light and fluid. The component also allows for a continuous fluid flow. The liquid-core section can range from as short as ∼20 µm to up to meter-long. Fig. 3(b) shows a zoom of a 4-hole solid-core fiber filled with Rh6G dye feeding a 9-mm long liquid-core capillary. No bubbles or meniscus are apparent. Fig 3(c) illustrates green laser light coupling from the solid-core of the 4-hole fiber into the central liquid-core in the capillary. Again, the small scattering at the interface implies in the absence of bubbles. The loss by Fresnel reflection between the solid-core and the fluid is ∼0.2 dB for gases and typically 0.01 dB for liquids (e.g. water). No loss of liquid could be measured by heating an enclosed arrangement to 50°C, to within 0.02% uncertainty.
Note that the fluid-collecting capillary could be spliced to a narrower hollow-core capillary or PCF to result in a narrow liquid-core fiber, where high-intensity light can propagate in the fluid (e.g., for nonlinear optics applications). The narrow hollow-core PCF must then act as a waveguide, while the length of the intermediate fluid-collecting capillary should be short (<50 µm). The loss of this combined liquid-core section depends very strongly on the refractive index, scattering and absorption of the fluid used and loss of the PCF. The loss in the intermediate capillary in air is measured by increasing the separation between the two solid-core fibers and monitoring the decay in light transmission for a laser at 491 nm wavelength. By keeping the intermediate capillary length short, e.g., 20 µm, the loss measured is 6 ± 3% and for 50 µm the loss is 18 ± 3%. These values show relatively good agreement with those estimated from a Gaussian beam approximation [18] , which works well for a standard fiber core [19] .
IV. CONCLUSION
An all-spliced fiber-based component for combining light and fluid has been presented. The component is rugged and hermetic, the fluid is at all times protected from contamination and the risk of leakage is small (except for gases with very small molecules such as He and H 2 , which can diffuse through the silica walls). By inserting the light through a side-hole in a capillary, the end-face of the capillary can be conveniently coupled to a pressure system for liquid or gas delivery with minimal dead-volume. At the same time, an etched fiber can be arranged inside the capillary to provide for low-loss coaxial splicing to a microstructured fiber, for example with 4-holes. The fluid-filled microstructured 4-hole fiber is then spliced to a fluid-combining capillary, where the light from the solid-core is allowed to interact longitudinally with the fluid. This fluidcombining capillary can be cut after a short length and further spliced to a narrow core PCF. The design allows for scaling up to larger diameters and core sizes (e.g., multimode fibers). For easier visualization all illustrations here deal with liquids but the arrangements could also be used in applications where gases are to be injected into the holes of a microstructured fiber.
